Sustainable supply chain management is a topical area which is continuing to grow and evolve. Within supply chains, downstream distribution from producers to customers plays a significant role in the environmental performance of production supply chains. With consumer consciousness growing in the area of sustainable food supply, food distribution needs to embrace and adapt to improve its environmental performance, while still remaining economically competitive. With a particular focus on the dairy industry, a robust solution approach is presented for the design of a capacitated distribution network for a two-layer supply chain involved in the distribution of milk in Ireland. In particular the green multiobjective optimisation model minimises CO2 emissions from transportation and total costs in the distribution chain. These distribution channels are analysed to ensure the non-dominated solutions are distributed along the Pareto fronts. A multi-attribute decision-making approach, TOPSIS, has been used to rank the realistic feasible transportation routes resulting from the trade-offs between total costs and CO 2 emissions. The refined realistic solution space allows the decision-makers to geographically locate the sustainable transportation routes. In addition to geographical mapping the decision maker is also presented with a number of alternative analysed scenarios which forcibly open closed distribution routes to build resiliency into the solution approach. In terms of model performance, three separate GA based optimisers have been evaluated and reported upon. In the case presented NSGA-II was found to outperform its counterparts of MOGA-II and HYBRID.
Introduction
The concept of the 'Triple Bottom Line' (Kleindorfer et al. 2005) or the 'Three Pillars' (White and Lee 2009 ) based on the principles of a balanced approach to the three P's of people, profit (or prosperity) and planet are now well known dimensions in modern business activities. There is now also clearer evidence that consumers are continuing to demand more environmentally friendly products and services, which in itself presents both opportunities and threats to many organisations (Byrne et al. 2013) . From a global perspective, the introduction of the Kyoto protocol progressed this agenda while also encouraging firms to reduce carbon emissions throughout their operations (Diabat and Simchi-Levi 2009 ). It has also been reported that it is in the logistic operations where most organisations can and do implement green supply chain strategies (Kewill 2008) .
The food industry is one such example of a dynamic environment where customers have high expectations for food safety and a growing demand for sustainably produced food and a high awareness of how food is produced and offered (Beske et al. 2014) . The downstream distribution of food products to retailers or drop-off points plays a significant role in the environmental performance of food supply chains. Efficient logistics and technologies are critical success factors for distribution systems in most supply chain networks, including food (Tarantilis et al. 2005) . Traditionally, the critical success factors for an effective distribution system included meeting the requirement of the demand side of the supply chain through delivery of good quality products in appropriate quantities to the right place using the optimal path at the right time with optimal costs (Aghazadeh 2004 ). However, distribution systems based solely on this singular dimension have over time begun to become obsolete as it does not consider the environmental impact of the system and increasing governmental regulations. The dairy industry is one such sector which is highly regulated and has been subjected to continued introduction of new environmental legislation in the last few years from both European and international directives (Glover et al. 2014) . Hence, an effective blueprint for an economically competitive modern food market distribution systems calls for the inclusion of a methodology which can collectively deliver reduced environmental impact, lower operating costs and optimised traversed paths. This distribution strategy promotes an approach that seeks to achieve mutually reinforcing benefits for the economy, environment and society (Ilbery and Maye 2005) . This paper presents a robust solution approach which specifically focuses on a capacitated distribution model for the demand side of a two-layer dairy market supply chain in Ireland. Through a case, the development of the green multi-objective optimisation model which incorporates both cost and environmental performance is reported upon. The main objective of this solution approach is the provision of optimised distribution routes based on carbon output and costs for the demand side of a dairy supply chain producing milk products. The model has also been extended to incorporate a resiliency component, through the presentation of alternative scenarios, which necessitate the opening of heretofore closed routes. Three different Genetic Algorithm (GA) based meta-heuristic optimisers have been applied to the solution approach. GA optimisers are used due to the NP-hard nature of the green distribution problem under investigation, so as to yield feasible optimal and realistic distribution routes. A comparative assessment of these three GA optimisers aids in precisely selecting the best optimiser for a green distribution system for the case in hand.
The remainder of this paper is organised as follows. The following section highlights the role of distribution systems in the overall sustainable supply chain context and includes identification and analyses of varying optimisation approaches that have been used in varying distribution settings. Section 3 introduces the case of the two-layer Irish dairy market supply chain, discusses the importance of the dairy sector in Ireland and presents the GA based multi-objective solution approach. The solution procedure including case results and model performance is presented in Section 4 using three different Genetic Algorithm (GA)-based optimisers. Section 5 analyses the case results further and provides a scenario analysis based on the realistic solutions. Finally, Section 6 summarizes the findings from the case and presents opportunities for further research in this domain.
Distribution Systems and the Food Supply Chain
One of the major sources of environmental concern is in relation to the distribution of products and from the emissions through their transportation. This concern is expected to increase faster than the growth of GNP in the industrialised world (Aronsson and Brodin 2006) . Such concerns and proactive planning have been in existence now since the early parts of the 2000's (European Commission, 2001) . Since then there have been continued efforts by individual organisations, supply chains and international bodies, including the European Union (EU) to decrease the total emissions from the transportation sector. However, plenty of scope is still available to optimise the carbon emissions from a two-layer distribution system.
The traditional methodologies of handling food market distribution through storage and transportation of perishable food products (Aghazadeh 2004) is not sufficient on its own in today's sustainable environment. In addition to ensuring a regular and complete coverage of all facilities in the supply chain (Aghazadeh 2004 ) significant management of the carbon issues in the distribution system is also required (Benjaafar et al. 2013 ). Wu and Dunn (1995) focus on the use of proactive environmental management within the logistics framework. It has been well reported that one of the main challenges for modern logistic systems is to determine how environmental management principles can be incorporated into the system's operational decision-making process (Wu and Dunn 1995; Robinson and Wilcox 2008; Pagell and Wu 2009 ). An example of a coordinated distribution system, which incorporates an improvement in logistics efficiency while simultaneously reducing environmental impact, is reported by for a Swedish food market supply chain.
An improved food distribution system can be designed using location routing optimisation techniques . Several optimisation techniques have been applied in designing distribution systems. Optimisation techniques are used for reducing operational and overall costs in different distribution systems, for example, food and drink distribution (Watson-Gandy and Dohrn 1973), goods distribution (Perl and Daskin 1984, 1985) , agricultural goods transport (Ljungberg et al. 2007 ), forest harvesting (Rönnqvist et al. 2007 ), waste collection (Apaydin and Gonullu 2008; Caballero et al. 2007; Kulcar 1996) , disposal of hazardous material (Alumur and Kara 2007) , obnoxious facility location-routing (Cappanera et al. 2004) , small package shippers (Stenger et al. 2012) , shipping industry (Gunnarsson et al. 2006 ), blood bank location (Or and Pierskalla 1979) and medical evacuation ( Chan et al. 2001) .
Green supply chain initiatives have been comprehensively categorised by Srivastava (2007) . One of these defined initiatives is green operations in the distribution of products. The solution approach presented in this paper focuses on the green operations of a two-layer supply chain from a transportation logistics perspective. Green initiatives associated with distribution in supply chains have in recent years been presented, particularly in green reverse logistics (Fleischmann et al. 2001; Zhu et al. 2008; Neto et al. 2009 ). Trade-offs between cost factors and environmental impact of a supply chain is reported in Wang et al. (2011) . A green-vehicle routing problem is reported by Erdoğan and Miller-Hooks (2012) , which uses a mixed integer linear programming approach. A dairy manufacturer's two-layer supply chain distribution system is reported using a multi-objective programming approach (Validi et al. 2012 ). In addition, several different optimisation techniques have been adopted by researchers in distribution system problems. A short up to date synopsis of optimisation models in distribution systems is presented in Table 1 , but for a more detailed historical survey of the varying distribution system techniques and their origins the interested reader is referred to Madsen (1983) , Min et al. (1998) , Kenyon and Morton (2001) , and Nagy and Salhi (2007) . Alumur and Kara (2007) , Diabat and Simchi-Levi (2009); Laporte et al. (1989) ; Ambrosino and Scutella (2005) 
The Dairy Market Supply Chain -Irish Case Review
For a long period of time the Irish dairy sector has been one of the most important sectors within the Irish food processing industry (Collins et al. 1999) . As a consumer product, milk is considered as a staple food product in the Irish diet. Ireland is in the third position globally with regard to per capita consumption of liquid milk. In Ireland an average of 5.4 billion litres of cow's milk is produced per annum. The country's pasture-based production system makes Irish dairy farming the world's most efficient one. However, sustainable production of milk which considers all three aspects of environmental, social and economic, is considered as extremely important to the future growth of the sector in an international marketplace (ICOSa 2012).
The dairy industry in its totality and the milk supply chain has always been of huge importance to Ireland. The dairy sector accounts for 38% of Ireland's total agricultural output. The E.U.'s current Quota level is 231,000 tonnes. However in 2015 the milk quotas are set to disappear thus providing Irish farmers with the opportunity to pursue greater efficiency and profits through increased volumes (ICOS-b). This coupled with worldwide population growth and increased demand for dairy produce from China and Middle Eastern countries makes for a bright future for the Irish dairy sector. Irish farmers currently produce approximately 5 million tonnes per annum, that's enough milk to feed 52 million people (ICOS-b). Liquid milk comprises 47% of the Irish retail dairy market and is valued at close to €450m annually. Ireland provides 4% of the milk for the EU but accounts for only 1% of the population More than €2bn dairy products are exported annually and with international growth and the removal of milk quotas this is expected to grow by up to 50% by 2020. The importance of the dairy industry in Ireland is very significant and is expected to increase in significance over the next number of years (safefood 2008). In addition to this the Irish dairy industry has continued to remain at the forefront of environmental performance over the recent past. As a testament to this in 2011, the JRC of the European Commission found that Ireland's dairy industry had the lowest carbon footprint in Europe. Thus, it is clear to see that both milk production and processing in combination with distribution system advancement from both an environmental and cost perspective are of significant importance to the Irish economy.
The information presented in the case hereafter has been obtained from interactions with a number of dairy processors in Ireland and is typical of the distribution supply chains in existence. As part of the study key informants in the dairy processing organisation were interviewed in a semi-structured format using the outline questionnaire presented in Table 2 . The questionnaire was executed in an informal manner and was used as a guide to extract relevant information. Information was gathered from stakeholders at both strategic and tactical management levels from the organisation. For the purpose of anonymity an assumed data set is presented in this paper which is reflective of the real case but not absolute. The case presented in this paper has two dairy processing plants serving twenty two Drop-off Points (DoP), based on a 50 mile radius from both plants, representing each of the main cities/towns in this region of Ireland (Table 3) . Demand for milk products is considered to be proportional to the population base in each of these locations, and in this case is considered to equate to 2/3rd of the population of the city/town (Table 3) . Multiple routes are available for connecting these DoPs to the plants. 
Customers (wholesalers/retailers):
 How do you make a decision about which part of the dairy market in Ireland you plan to cover from your processing plants?  How many counties in Ireland do you consider as your customers?  How much demand for your products can be attributed to each of these counties?  What percentage of the total demand in these areas is covered by your own organisation?
Transportation decisions
 What criteria are currently considered when selecting the best route to connect each of your processing plants to individual DoPs?  Do you use any decision-support tool to make distribution decisions?  Does your company own its own transportation fleet?
If you do own your own transportation fleet  What types of vehicles are currently used to transport your dairy products from dairy processing plants to DoPs?  What criteria do you consider when choosing the type of vehicle for transporting your products?  Do you consider speed limits for vehicles on different types of roads while transporting the dairy products through your dairy supply chain?
Environmentally Policies
 Does your company consider 'green' (environmentally friendly) issues in supply chain?  If 'Yes' -What are these 'green' issues? And how are 'green' policies implemented.  If your company own its own transportation fleet; have you conducted a study to measure its environmental impact?  If transportation is outsourced; does your company ask the transportation company to provide information on its environmental impact?
 Do you know your carbon footprint?
The number of layers in the supply chain represents its main tiers. In this paper two-layers of the network are analysed on the demand side of the milk supply chain. More specifically these two layers constitute the dairy processing plants and the downstream DoPs, which in this case represent a plant(s) and customer(s) respectively (Hassanzadeh et al. 2009 ). Optimisation models for two-layer distribution systems are presented in Berger (1997) and Hassanzadeh et al. (2009) . The supply chain distribution system can also be extended to three-layers (Perl 1983; Perl and Daskin 1985) and also four-layers (Hamidi et al. 2012 ).
The vehicles considered for transportation of the dairy products play a vital role in calculating the CO 2 emission. In the presented case for milk distribution, these vehicles are refrigerated to deliver perishable dairy products and they are either heavy duty vehicles or heavy goods vehicles. The condition and type of roads contribute to the total emission from these vehicles. Speed limits of the vehicles also contribute to emissions. Thus, the speed of the vehicles varies depending on numerous issues on the routes. Therefore, an average speed on each type of road for all possible milk distribution routes is calculated and used. The permissible speed limits stipulated by the 'Road Traffic Act 2004' in Ireland and the average working speeds considered during transportation are depicted in Table 1A . 
Sustainable two-layer dairy market supply chain model
The questionnaire-based survey reveals that the dairy organisations in Ireland are keen to continue to attempt to further minimise the total carbon emission and the total costs associated with the transportation process. The specific two-layer supply chain, being reviewed in this paper, connecting the dairy processing plants and the DoPs is illustrated in Fig. 1 .
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Figure 1:
The two-layer diary product distribution system
The overall supply chain has two parts, which consist of supply and distribution routes. The distribution system considers only the demand side of the supply chain which has two interconnected layersthe plant and the DoP layers. There may be distribution centres located in between these two layers. Based on this desire by the Irish dairy processing organisations to continue to advance their environmental agenda and the obvious requirement to do this at minimised cost led to the development of a 'green' distribution multi-objective optimisation model for the two-layer dairy market supply chain with a particular focus on milk distribution in Ireland. The 'green' distribution optimisation model has been developed using integrated multi-objective mathematical programming. The optimisation model is formulated within a mixed integer programming framework. In addition to a cost objective function, the model includes a 'green' objective function that aims to minimise the total CO 2 emission during the transportation of the products from plants to DoPs (Validi 2014 ).
The two-layer optimisation model as presented was implemented considering some preliminary assumptions. In this sustainable two-layer distribution system multiple DoPs (twenty-two) and a single dairy product (milk) was considered. The two dairy processing plants always remain open. The locations of the two processing plants and twenty-two DoPs (here primary consumers) are known. The questionnaire-based survey also revealed that the total demand from the DoPs is less than or equal to the total capacity of the two plants, thus the processing plants are capable of meeting the demand requirements from all DoPs spread across sixteen counties in Ireland. A portion of the models variable costs is dependent on the demand at the DoPs. Each distribution route and DoP is completely served by one vehicle. Diesel operated refrigerated heavy duty vehicles/heavy goods vehicles with similar vehicle capacities are considered. Transportation of dairy products between the processing plants and DoPs results in CO 2 emissions. Fuel consumption of the vehicles is dependent on the total mass of the vehicles. Three different types of vehicles with two attributes (cost and environmental impact) are considered for the distribution logistics. The nomenclature is presented in Table 4 and the general approach, including the modelling, solution and analysis phase is presented in Fig 1A . 
In the first instance, the multi-objective model includes a 'green' objective function that aims to minimise the total CO 2 emission during the transportation of the dairy products from plants to the DoPs: I  II   I  II   I I  I I  I I   II II  II II  II II   I  II 
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Secondly, the multi-objective model minimises the total costs associated with the distribution of the products. The total cost involves the summation of the fixed costs for operating the facilities (i.e., plants), the variable costs for serving the customers and the costs for transportation. Hence, the second objective function is: I I  II II   I I  II II   I I  I I  I I  I I  I I  I I  I   I  II  I  II  II II  II II  II II  II II  II II  II II  II   I I  II II 
From the survey it is apparent that there are some operational constraints linked to of these two objective functions. The first of these is associated with the demand node on each route of the distribution system, which is illustrated in the first constraint (3) 
As 
An AHP constraint has been integrated with the 0-1 programming model which determines the type of the vehicle used for distribution of the products. This is known as the AHP constraint: 11   22   1  11  12  13  2  21 22 23 3
One vehicle in each of the iterations is selected. Therefore,
Constraint (5) uses the concept of Analytic Hierarchy Process (AHP)a multi-criteria decision-making tool. This AHP-integrated constraint within the mixed-integer framework introduces the flexibility in the decision-makers' consensus opinions in selecting the types of the vehicles/trucks used for the distribution of the dairy products in an environmental-friendly manner. The decision-makers in the dairy market supply chain may consider a number of different vehicles depending on their own individual requirements. The level of CO 2 emissions and costs are different for different vehicle types. The two attributes associated with this decision-making process for these vehicles are CO 2 emissions and costs. The element The decision variables of the 'green' model are:
The 'green' distribution model considers the variable costs required to serve routes from the plants to drop-off points. This generates the following relationship:
As there is no direct equivalent in Ireland and there is direct transferability of findings between the UK and Ireland, this research considers the report of the Department of Energy & Climate Change, UK (2010) and Nylund and Erkkilä (2005) in the framing of the relationship between CO 2 emissions and the litres of diesel burnt in trucks. The fuel efficiency was found to be 0.35 l/km and was used to determine the litres of diesel burnt on each route. Therefore the relationship between the litres of diesel burnt on each route and fuel efficiency is as follows:
Litres of diesel burnt in each path = fuel efficiency × Distance (in km) … (10) CO 2 emissions from a diesel vehicle has been ascertained from DEFRA's (2008) guidelines on greenhouse gas conversion factors. Thus, the total CO 2 emission from the vehicles is estimated using equation (11).
CO 2 emission from a Diesel vehicle (in kg) = Litres of Diesel burnt × 2.64 … (11) The cost of serving each of the twenty-two distribution routes is the sum of fuel costs and driver's wage:
Cost of serving a route = (Litres of Diesel burnt per km× € 1.53)
The fixed and variable costs for operating each of the two dairy processing plants are listed in Tables 2A and 3A respectively. The survey also revealed that a cycle time of 2-3 days is most appropriate for calculating these fixed costs. The demand (in units) at the DoPs is used to determine the variable costs at plants. One 'unit' of demand refers to a two-litre carton of milk. €1.53/litre has been determined as the average price of diesel in Ireland during April/May 2012. The average wage of a driver is €11.50/hour. Variable costs are calculated using equation (9).
A combination of different types of roads constitutes each different distribution route. The shortest routes connecting each plant to each DoPs was determined using Google ™ maps. From this the distance of the different types of roads forming the distribution routes connecting the plants to DoPs were found and are shown in Table 4A .
The total CO 2 emission from a Diesel vehicle (in kg) is computed using equations (10) and (11). This computation requires the information provided in Table 4A . The corresponding cost of serving each distribution route is also computed using equation (12) and indicated in Table 5 . 
Role of the 'green' constraint
One of the functionalities of the green constraint (5) obtained for the dairy market distribution logistics problem is to allow the decision-makers to reach a consensus opinion for the selection of vehicle types. AHP assists in the translation of the decision-makers linguistic representation into non-dimensional quantities by means of trading-off incommensurable units of measurement. The AHP technique results in a weight matrix for the dairy market distribution problem as illustrated in Table 5 . The preferences of the decision-makers for different types of vehicles, with respect to the vehicles levels of CO 2 emissions and costs are presented in Table 5A .
The minimum and maximum values for CO 2 emissions and costs associated with milk distribution for this particular case are obtained from Table 5 . The values of the right-hand side matrix ( m B ) of the green constraint (5) are set as the averages of these limiting values (CO 2 emissions and costs). It is to be noted that the optimisation model can accommodate any limiting values of the CO 2 emission and costs for serving the routes depending on the datasets of Table 5 and the decision maker's preferences. The value set on the right hand side of the matrix will have a bearing on the number of possible solutions created. Situations where the values of the left hand side of the AHP constraint (5) are greater than the right hand side values (for CO2 emissions, costs or both) signify solutions where the vehicle type is inappropriate. Fast Pareto convergence was specified as an important dimension in the implementation phase of this 'green' optimisation model. However, at the outset of this study the best procedure to have a fast Pareto convergence for these discrete variables for the defined constraints of the model was unknown. For this reason, the proposed 'green' distribution model has been solved using three different optimisers and will be discussed in the following section. It should also be noted that the 'green' model is computationally NP-hard in nature, thus the solution to these models grow exponentially with increasing problem size (Erdoğan and Miller-Hooks 2012) . Therefore, choice of optimiser is important for the development of a precise feasible solution space
Solution Procedure
The solution procedure for the optimisation model considers three Genetic Algorithm (GA)based optimisers using the modeFRONTIER ® (Esteco 2012) platform. They are: Multi-Objective GA of kind II (MOGA-II), Non-Dominated Sorting GA of kind II (NSGA-II) and 'Hybrid' combining GAs and sequential quadratic programming. This is the first case where a dairy market distribution logistics problem is solved using a multi-disciplinary and multiobjective optimisation solution technique fully guided by Design of Experiment (DoE). The distribution problem is handled by way of producing robust designs. DoE is coupled to the optimisers in such a manner that the solution of the AHP-integrated model is possible only if optimal feasible designs are obtained.
The principles of DoE is utilised during the implementation phase of the proposed model. The DoE is invoked at the initial stage of the model implementation stage when an optimiser is called upon to solve the integrated optimisation model. This enables the optimiser to provide the best stable solution space. DoE enables the implementation process to take out solutions having poor design characteristics from the solution space (Esteco 2012) . While implementing the integrated optimisation model each optimiser explores the design space, performs a preliminary optimisation process using the GA-based "search" algorithm based on the DoE tables and finally refines the feasible solutions using a converging algorithm.
The 'MOGA-II' optimiser is capable of handling only discrete variables. It is designed to achieve rapid Pareto convergence for the solution. MOGA-II supports directional cross-over and it uses smart multi-search elitism for both robustness and the directional crossover. The optimiser enforces user defined constraints by objective function penalisation. An advantage of this optimiser is that it allows a steady state evolution process while allowing concurrent evaluation of independent individuals (Poles 2003; Poles et al. 2004; modeFRONTIER ® 2008) .
The NSGA-II optimiser is capable of handling both continuous and discrete variables. The optimiser can operate with a user defined discretisation process. Further, the constraint handling method in the NSGA-II optimiser does not make use of penalty parameters. It adopts different elitism strategies for multi-objective search and it guarantees diversity and a spread of solutions without the use of parameter sharing (Deb et al. 2000; Deb et al. 2002) . Similar to MOGA-II, this optimiser concurrently evaluates the independent individuals. NSGA-II optimiser implements a steady-state evolution scheme that cannot guarantee the repeatability of the design sequences unless the number of concurrent design evaluation is set to 1 (Poles et al. 2009 ).
The 'Hybrid' optimiser integrates a steady-state GA with Sequential Quadratic Programming (SQP). This implies that the optimiser combines the global exploration capabilities of GAs with the accurate local exploitation guaranteed by SQP implementations (Esteco 2012 ). This optimiser works using a steady-state scheme. In this optimiser SQP runs are launched as particular operators for the GA. Derivatives are approximated, in the 'Hybrid' optimiser, using either a finite differences method or through response surface method predictions. This optimiser produces repeatable sequences if the number of concurrent design evaluations is 1. The 'Hybrid' optimiser is used for single and multi-objective problems which can be either constrained or unconstrained.
Case results
The 'green' dairy market distribution logistics optimisation model was implemented using three different GA-based optimisers. A set of non-dominated solutions distributed along the Pareto front (trading-off between CO2 emissions and Costs) was found for each of the three GA-based optimisers. For each of the optimisers N entries (i.e., number of individuals) in the DoE table were used as the problem's initial population. The population of the DoE Table was 61 different designs. These 61 designs comprised of 10 DoE sequence based on a custom user sequence, 10 random designs, 10 Sobol designs, 10 uniform Latin hypercube, 10 incremental space filler designs and 1 design on constraint satisfaction. Based on the DoE table, the 'green' distribution approach was executed using each of the three GA-based optimisers limited to a maximum of 50 generations and 2,550 real feasible solutions. These results were refined and finally 30 results were selected as feasible realistic results for each of the three optimisers. A statistical solution summary on computed maximum and minimum levels of CO 2 emission and costs based on the DoE tables for each optimiser is tabulated in Table 7 .
The DoE is responsible for generating the initial design tables before employing the optimisers and based on those initial designs each optimiser generates the results. Thus, the initial results for each optimiser is refined. These 'results' are then further reduced to a set of 'realistic results' which for MOGA-II is 826 results. These 'realistic results' are then further refined ensuring feasibility of both the CO 2 emission and costs, which for MOGA-II reduces this to 187 results. These 'refined realistic results' aid in the further selection of a number of results for each optimiser (in this case 30 from each optimiser). The selected results are based on the two lower-most rows in the 4D bubble plots (described in following sectors). The performance and results of the three optimisers are then compared across these 30 selected results. Table 7 shows that the minimum value of CO 2 emission (1,171kg) was achieved by both the NSGA-II and Hybrid optimisers while the minimum value for costs (€ 185,902) was presented by the Hybrid optimiser. The best solution on both of the objective functions independently was achieved by the Hybrid optimiser. This solution is 1,171 kg and € 185,902 for CO 2 and cost respectively. The Hybrid optimiser is a combination of GA and SQP. While SQP reaches a neighbour of Pareto front quickly, the GA is responsible for the final optimisation of the input variables (Turco 2011) .
A one-way ANOVA has been performed for both the total CO 2 emission and total costs from the case modelled (Table 8 and 9). The p-values of the ANOVA table for CO 2 emission and costs in the 'Hybrid' optimiser are zero. This suggests that there are significant differences between the groups. At least one sample mean is significantly different from the other sample means. The colours and diameters of the bubbles in the plots are related to the objective functions for the case model. In Fig. 5 the diameters of the bubbles refer to F2 values, i.e., costs, whereas the colours of the bubbles refer to F1 values, i.e., CO 2 emission. In Fig. 6 the diameters of the bubbles refer to F1 values and the colours of the bubbles refer to F2 values. The colour schemes indicate the feasible solutions, infeasible solutions and solutions with errors. The red coloured solutions in the plots are not realistic in nature. This is because these solutions involve high CO 2 emissions and/or high costs. Blue bubbles represent the alternatives with lowest values satisfying both the objective functions of the 'green' distribution approach. Therefore, the selection of the 30 solutions ('selected results') for the MOGA-II optimiser are confined to within the first two layers of optimum realistic solutions shown in Fig. 2 . The 30 selected feasible realistic solutions for the MOGA-II optimiser are depicted in Fig. 3 . In a similar fashion Figs. 5 and 7 present the selected feasible optimal solutions for the NSGA-II and Hybrid optimisers respectively. Each of these 30 solutions for each of the optimisers are then put forward for evaluation using TOPSIS. 
Performance analysis
The performance of the three GA-based optimisers' is evaluated using their individual convergence plots. Fig. 8 delineates two comparative convergence plots for the CO 2 emissions and costs based on the performance of the three optimisers over 50 generations. It is evident from these plots that the solution from the NSGA-II optimiser converges in a comparatively steady mode while it appears the SQP part of the Hybrid optimiser causes convergence of the solution in an erratic manner. The Pareto efficiency of the solutions is examined in order to further evaluate the performance of the three meta-heuristic optimisers and their 'selected' results. The 30 selected results obtained from the MOGA-II, NSGA-II and Hybrid optimisers (Table 7) were separately analysed with regard to their Pareto efficiency and the Pareto frontier for NSGA-II is illustrated in Fig. 9 . The Pareto frontiers from other the MOGA-II and HYBRID optimisers were also compared with that of NSGA-II. From a performance perspective the NSGA-II optimiser has the most efficient Pareto front of the three.
Figure 9:
The Pareto frontier for NSGA-II optimiser on the selected realistic results
The selected results from all the three GA-based optimisers follow the Pareto optimality and are efficient. In the selection process of the results (Table 7) , extreme decision-making was not considered. Therefore, the extreme results are not considered in the Pareto frontiers. Out of 30 selected results, 2 results in MOGA-II, 2 results in NSGA-II and 1 result in the Hybrid optimiser were not on the Pareto frontier. All of these 5 results, from a collective total of 90 results, represent extreme decision-making conditions and do not affect the Pareto efficiency of the selected results. The results placed outside the Pareto frontiers were however not considered for further analysis of the optimal solutions using TOPSIS.
Analysis of the results
The two-layer 'green' distribution system is a combined strategic and tactical decisionmaking procedure. Therefore, the set of selected feasible realistic optimal solutions on the Pareto frontier are to be ranked according to the Decision-Makers' (DM) preferences. This is done in order to facilitate the decision-making process. TOPSIS (Hwang and Yoon 1981) is executed to evaluate the selected feasible optimal solutions obtained from the optimisers based on the CO 2 emission and costs attributes. Nine weight matrices are used to compare the results. Table 10 shows the comparative results of TOPSIS ranking using a moderate weight matrix on all the GA-based three optimisers. Weight matrices allow the DMs to include the management's judgement on both the CO 2 emission and cost attributes.
TOPSIS aids prioritisation of the optimal results generated by the GA-based optimisers with nine different weight matrices considering all possible preferences of DMs. The weight matrix TOPSIS picks the same identical result for the last two weight matrices in MOGA-II. Further, the analytical tool picks the same identical design with four different weight matrices in NSGA-II. TOPSIS picks two set of same identical design with two different weight matrices in the Hybrid optimiser. It has been noticed that five different weight matrices serve the purpose of the decision-makers in a more efficient manner. There are a considerable number of designs offered by each optimiser with each one of the weight matrices. Except for the 5 th weight in MOGA-II and NSGA-II, none of the results are identical. A close analysis of the CO 2 emission and costs for disparate optimisers under different TOPSIS weights were obtained and are presented in Table 11 . Tables 12a and 12b guide the DM in appropriately selecting the best optimal distribution route for the dairy products. The effect on the CO 2 emission and costs, when closed routes are opened, is illustrated in Table 13 . A particular case is investigated where costs and CO 2 emission have equal importance. Scenario analysis provides an insight on the closed routes for different design IDs when those are opened. Table 13 presents a scenario analysis for the dairy product distribution logistics when   5 0.5 0.5 W  is considered in the TOPSIS weight matrix for the three different optimisers. Scenario analysis would be different for different TOPSIS weight matrices and design IDs. In the case of the dairy market two-layer supply chain problem the weight matrix is determined by a DM for use in the scenario analysis in order to identify the open and closed routes. The scenario analysis provides information on the CO 2 emissions and costs if closed routes are opened. Hence, it is recommended to conduct a scenario analysis once the appropriate results are identified from the Pareto optimal solution and the solutions are prioritised using TOPSIS. 1  --1  --1  --V25 V13I  -209  4,769  -209  4,769  -209  4,769  V26 V13II  1  --1  --1  --V27 V14I  -202  3,562  -202  3,562  -202  3,562  V28 V14II  1  --1  --1  --V29 V15I  -214  2,614  -214  2,614  -214  2,614  V30 V15II 1 -- Tables 12a, 12b and 13 guide the DMs to locate the feasible and realistic optimal distribution routes geographically on the map of Ireland (Fig. 10 ). In the case presented in this paper, the map presents the routes connecting the two plants and twenty-two customers in an optimal manner while minimising the total CO 2 emission from the vehicles during the distribution of dairy products within the dairy market supply chain. Fig. 10 is a sample presentation of the using the findings of NSGA-II for the weight matrix 5 W . Similar distribution routes can be mapped for other optimal feasible and realistic solutions and decision-makers' preferences through the weight matrices. 
Scenario analysis of the realistic solutions
1 V2 V1II 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 V3 V2I 0 0 1 1 0 1 1 0 1 1 0 1 1 1 1 V4 V2II 1 1 0 0 1 0 0 1 0 0 1 0 0 0 0 V5 V3I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 V6 V3II 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 V7 V4I 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 V8 V4II 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 V9 V5I 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 V10 V5II 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 V11 V6I 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 V12 V6II 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 V13 V7I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 V14 V7II 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 V15 V8I 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 V16 V8II 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 V17 V9I 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 V18 V9II 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 V19 V10I 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 V20 V10II 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 V21 V11I 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 V22 V11II 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 V23 V12I 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 V24 V12II 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 V25 V13I 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 V26 V13II 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 V27 V14I 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 V28 V14II 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 V29 V15I 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 V30 V15II 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 V31 V16I 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 V32 V16II 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 V33 V17I 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 V34 V17II 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 V35 V18I 1 0 1 1 0 1 1 0 0 0 0 0 0 0 0 V36 V18II 0 1 0 0 1 0 0 1 1 1 1 1 1 1 1 V37 V19I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 V38 V19II 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 V39 V20I 0 0 0 1 0 0 1 0 1 1 0 1 1 1 1 V40 V20II 1 1 1 0 1 1 0 1 0 0 1 0 0 0 0 V41 V21I 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 V42 V21II 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 V43 V22I 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 V44 V22II 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1T 1 1 1 0 1 1 0 1 1 0 1 1 0 1 0 0 T 2 0 0 1 0 0 1 0 0 1 0 0 1 0 0 1 T 3 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0
Discussion and Conclusions
This paper addresses a critical component of modern food supply chains, the distribution system. The paper is based on the dairy industry in Ireland, with a model presented which addresses the multi objectives of carbon reduction and cost minimisation in the design stage of the milk distribution system. The specific case presented in this paper is based on the distribution of milk from two milk processing plants to twenty-two DoPs where the processing plants are based in the eastern region of Ireland. The model presented is of this two-layer Irish dairy market supply chain, with the case data obtained from semi structured interviews based on survey questionnaires within the key stakeholders in a number of dairy processing plants in Ireland. Three independent DoE-guided GA-based optimisers were used to solve the 'green' capacitated multi-objective optimisation model. The sustainable distribution process presented enables the supply chain decision maker to reduce the total carbon emission from the transportation involved in the entire distribution process while simultaneously optimising total costs. The best vehicle types are offered by considering the two attributes, CO 2 emission and costs. This is done through the use of the AHP constraint which is linked in the optimisation model to the objective functions. The model presented considers utilises boundary values for CO 2 emissions and costs, which are based on inputs from presented by the stakeholders. When the boundary conditions are tightly set the number of feasible solutions is reduced. The default position, which is what is presented in this paper is the average values of both CO 2 emission and costs.
The performances of the three GA-based optimisers involved in the solution phase were compared based on the objective function values and convergence. Each of the optimisers generates 2,550 results. For each of the optimisers 30 results, acquired from the refined realistic results, were evaluated using TOPSIS to highlight the best candidate-result to the decision maker. The Pareto frontier suggests that NSGA-II is the best optimiser as compared with the other two GA-based optimisers for implementing the case of the dairy market logistics problem presented here. From these outputs a number of transportation routes are obtained for the dairy manufacturer. For the purpose of this paper, the best routes are mapped geographically for the NSGA-II optimiser (best performer) and the optimal and sustainable dairy product distribution routes identified. Scenario analyses is then used to analyse the effect of opening the closed dairy product distribution routes. Such situations may arise when disruption events strike the supply chain network thus building resiliency into the modelling framework.
The green, multi-objective, AHP-integrated two-layer optimisation model has been applied to the case of a dairy processing case based on the structures present in Irish dairy market. The DoE-guided solution procedure can be extended to conduct preventative post-hoc control to investigate the type-I error rate. This analysis will assist in finding patterns of the GAbased optimisers and relationships among the parameters. Further MANOVA may be used instead of ANOVA in order to test the relationship among several categorical variables (i.e., treatments) and two or more dependent variables in the case of the dairy market distribution system.
The solution presented for the case in this paper has a number of simplifying components, which could be extended in future research. In the first instance the case presented was based on two processing plants with twenty-two drop off points. While the model presented for this case still remains NP-hard extended computational experimentation is required across a number of different sectors and in varying problem sizes to evaluate the models generality. In addition the model does not take into account variability in demand. It is proposed that future research which integrates dynamic programming with the existing modelling approach would be a valuable extension of the current proposed solution approach. An additional useful extension from the currently evaluated two layer model is to extend this model to a three layer model, considering distribution centres located between the plants and the DoPs. This could give the model a broader appeal to a number of different types of distribution systems beyond the constraints of the model presented in this paper. Single vehicles serving single DoPs is an assumption of the current model and a logical extension of this model is the extension of this to incorporate the ability for fortification of closely-located multiple consumers served by a single vehicle. Incorporation of these additions, while extending the applicability of the model also is significantly more complex, entailing a large number of objective functions, constraints and parameters 
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Modelling phase
Formulation of green model -Minimisation of CO 2 emission; -Minimisation of total costs; AHP-integrated and subject to constraints and decision variables of the distribution system so as to select vehicles/trucks, allocate DoPs to the processing plants & route the vehicles.
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